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Abstract 
The Ba2In2-xSnxO5+x/2 solid solution was confirmed up to x = 1 by solid state reaction. 
X-ray diffraction at room and at elevated temperatures, Raman scattering and impedance 
spectroscopy were used to characterise the samples. Structure refinement of composition x =
0.1 from neutron diffraction data reveals that tin is preferentially located in the tetrahedral 
layers of the brownmillerite.
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1. Introduction
Goodenough et al. reported in 1990 fast oxide ion conduction in Ba2In2O5 above 
925°C [1], making it of potential use in applications such as solid oxide fuel cells, oxygen 
generating systems and dense catalytic membrane reactors. At room temperature, its structure 
is of brownmillerite-type. Its symmetry is orthorhombic and it can be described as a defective 
perovskite composed of alternating octahedral and tetrahedral layers [2-4]. When the 
temperature is increased, the symmetry becomes tetragonal (T>925°C) and then cubic 
(T>1040°C). These high temperature forms are purely oxide ion conductive. 
Several attempts have been made to stabilise the tetragonal and cubic forms at lower 
temperatures by partial substitution for barium or indium. On the barium site, Sr [8, 11, 21,
22], La [11, 22-28], Pb [29] have been partially incorporated. A wide range of elements have 
been incorporated on the indium site: Cu [2, 5, 6], Ga [3, 7-11], Y [7, 11, 12], Yb [17], Sc [7,
12], Al [9], Ce [2, 12, 13], Zr [1, 14-16], Si [12], Ti [17], Sn [18], W [19, 20], Mo [20], V 
[20], Ta [12, 20] and Nb [12, 20]. However, the precise site-occupancy (tetrahedral versus 
octahedral indium sites) was not always examined. 
The aim of the present paper is the characterisation of the Ba2In2-xSnxO5+x/2 solid 
solution. A range of compositions was examined to determine its solubility limit and neutron 
diffraction was performed to determine the preferred site for this dopant.
2. Experimental
Ba2In2-xSnxO5+x/2 compounds were prepared by solid state reaction at 1300°C from 
stoichiometric amounts of binary oxides and carbonates with intermediate grindings after 
annealing at 1000°C and 1200°C, in alumina crucibles. Since these phases are known to be 
sensitive to humidity, powders were dried at 500°C under a flow of dry air before 
characterisation. Next, they were characterized by X-ray diffraction using a Hüber 
diffractometer equipped with an image plate sensitive detector over the range 10-100° in 2
with a time of 15 min (CuK1 = 1.54056 Å). Raman spectra were recorded at room 
temperature using the 647.1 nm excitation line from a Spectra Physics krypton ion laser. The 
beam was focused onto the sample using the macroscopic configuration of the apparatus. The 
scattered light was analysed with an XY Raman Dilor spectrometer equipped with an optical 
multichannel charge coupled device liquid nitrogen–cooled detector. Acquisition and data 
processing were performed with the software LABSPEC.
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The structure was refined from neutron diffraction data, collected at room temperature 
on the high resolution powder diffractometer D2B at the Institut Laue Langevin (I.L.L.) at 
Grenoble ( = 1.59334 Å). To collect data in air, approximately 20g of powder were 
introduced in a quartz tube, which was open at one end. The data were collected over the 
range 0.3-160° with a 0.05° step. The JANA 2000 software [30], option powder, was used for 
the refinement. The Rietveld method was applied. The profile could be fitted to a pseudo-
Voigt function and the background was determined manually.
High temperature X-ray diffraction was performed on a Bruker axs D8 Advance 
diffractometer equipped with a high temperature Anton Paar HTK 1200 N chamber and a one 
dimensional X-ray detector (VÅNTEC-1) using CuK radiation. Data were collected in over 
the range10-80° in 2, with a 0.015° step and a time of 0.2 seconds per step from room 
temperature to 1000°C. Diffractograms were obtained every 25°C on heating and cooling 
with a heating and cooling rate of 0.1°C/sec. Samples were deposited on platinum sheets to 
avoid any contamination with the alumina crucible. 
Conductivity measurements were performed on pellets 5 mm in diameter and 2-3 mm
in thickness. Platinum paste electrodes were painted on both faces. Samples were annealed at 
850°C prior to measurement. Measurements were taken using a SI 1255 response analyser 
(Solartron) in the 1-106 Hz frequency range from 500°C to 875°C for compositions x = 0.1 
and x = 0.2 and 500°C to 1000°C for compositions x = 0 and x = 0.3 every 20°C with 1h 
equilibration times before each measurement. 
3. Results and discussion
3.1. Ba2In2-xSnxO5+x/2 solid solution
X-ray diffractograms obtained for several compositions are presented in Fig. 1. It 
reveals a solid solution for substitution ratio up to x = 1, beyond which BaSnO3, appeared as
an impurity. For x  0.2, the structure is orthorhombic. The composition x = 0.3 contains a 
mixture of orthorhombic and tetragonal phases, whereas composition x = 0.4 is a mixture of 
tetragonal and cubic phases. For 0.4  x < 1, at room temperature, the sample consists of a 
single cubic phase in good agreement with data previously reported for composition x=1, 
studied for its protonic properties [18].
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Raman scattering was performed on compositions x = 0, 0.1, 0.2, 0.3, 0.35, 0.4, 0.5 
and 0.6. The spectra are given in Fig. 2 and confirm the change in symmetry with increasing 
dopant content. Compositions with x  0.2, contain a single brownmillerite-type orthorhombic 
phase and show similar spectra. The unresolved bands obtained for composition x = 0.3 are in 
agreement with the mixture of orthorhombic and tetragonal structures. Important spectral
modifications are observed for composition in the range of 0.3  x  0.4. The bands broaden 
as the substitution ratio is increased with a shift in the frequency (607 cm-1 and 635 cm-1 for x 
= 0.3 and 0.4 respectively). This broadening, which is more intense for cubic composition, 
indicates an increasing disorder as the substitution ratio is increased and the frequency shift 
characterises the solid solution evolution. An increase in the intensity of bands at 393 cm-1 
and  700 cm-1 is also noticeable as the substitution rate increases; this is likely a result of the 
dopant changing the local structure. Work is currently in progress to determine the exact 
nature of the changes.
3.2. Dopant location in the brownmillerite structure
To determine the preferred location of the Sn dopant in the brownmillerite unit cell, 
neutron diffraction data were collected for composition x = 0.1. The Icmm structural model 
proposed by Berastegui was used for the refinement [16]. In a previous study, we determined 
that the excess oxygen in a molybdenum doped compound was located at 4c (¼, ¼, ¼) [31]. 
We therefore introduced this extra site to the refinement to account for the oxygen over-
stoichiometry. The sum of the oxygen occupancies was constrained to match the expected
oxygen stoichiometry and the occupancy independently refined. O(3) is a split position and its 
occupancy cannot be higher than 0.5. Since it converged slightly to a higher value, it was 
constrained to 0.5. As a first step, tin was introduced to both indium sites of the 
brownmillerite structure, In(1) corresponding to the octahedral layers and In(2) to the 
tetrahedral layers, while constraining the sum of their occupancies to be equal to the expected 
stoichiometry. The refinement revealed a clear preference for the In(2) site with an occupancy 
of –0.031(5) for the In(1) site. For the final refinement all the Sn dopant was therefore placed 
on the In(2) site. The results of the refinement are given in Table 1. A comparison of the 
calculated profile and experimental data is given in Fig. 3. A good fit was obtained with the 
following reliability factors: Robs = 2.80%, Rwobs = 2.70%, Rp = 3.26%, Rwp = 4.10%, RF =
2.80% and RwF = 2.70%. Sn is therefore distributed over the tetrahedral layers of the 
brownmillerite-type structure. The same trend was observed for Ti-doped compounds [17]. In 
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addition, the refinement confirmed that the extra oxygen is situated on 4c, with an occupancy 
of 0.16(2) and a high isotropic thermal displacement of 0.11(2). This later value was a result 
of a small occupancy and therefore greater relative error for this position. Oxygen vacancies 
on O(1) (equatorial oxygen site in the octahedral layers) and O(2) sites (apical oxygen site)
were also evidenced. These oxygen vacancies indicate that a disordering of the oxygen lattice
begins at a lower temperature than the undoped compound and suggests that the phase 
transition temperature of the Sn-doped compound, associated with an increase of the 
conductivity, should occur at lower temperature.  
3.3. Phase transition 
To characterise the phase transitions in this compound (x = 0.1), X-ray diffraction was 
performed at different temperatures. The results are given in Fig. 4. The disappearance of the 
small peak at 33.5°, characteristic of the orthorhombic superstructure, as well as the shrinkage 
of the main Bragg peaks indicate a transition to the tetragonal form at 750°C. At 1000°C, all 
the superlattice reflections vanish, indicating the structure has transformed fully to the cubic 
phase. The phase transitions are fully reversible on cooling, thereby confirming the 
stabilisation of the cubic and tetragonal forms to lower temperature compared to undoped 
Ba2In2O5. The decrease of the orthorhombic-tetragonal phase transition with the substitution 
ratio is in good agreement with our previous results on vanadium, molybdenum and tungsten 
doped compounds [20], it also confirms the trend observed by Fisher at al. when In3+ was 
substituted with elements of same valence but having smaller ionic radius [6]. 
3.4. Conduction properties
Arrhenius plots of the conductivity, measured under dry air for compositions x = 0.1, x
= 0.2 and x = 0.3, are compared to that of the undoped compound in Fig. 5. Relative densities
of the samples are given in brackets. These materials are difficult to densify, so that pellets 
with relative densities of only 77% for x = 0.1 and x = 0.2 compositions and 75% for the 
parent compound were used. For composition x = 0.3, the relative density was only 64%.
With such relative densities, the conduction properties trend only can be deduced. Similar
activation energies of about 1eV were observed at high temperature for all compositions, 
typical of the high temperature forms of Ba2In2O5. High conductivities were observed for the 
tetragonal form up to 750°C for composition x = 0.1. The orthorhombic-tetragonal phase 
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transition is more sluggish for composition x = 0.2 and characterised by a higher activation 
energy below 650°C. Lower conductivities were obtained for composition x = 0.3 in part due 
to the lower relative density of the pellet.
4. Conclusions
The Ba2In2-xSnxO5+x/2 solid solution extends up to x = 1. The structure remains
orthorhombic at room temperature up to x = 0.2 with tin distributed over the tetrahedral layers 
as evidenced by neutron diffraction. The partial replacement of indium with tin results in a 
decrease of the temperature of the order-disorder phase transition temperature from 
orthorhombic to tetragonal symmetry, and cubic forms are stabilised at room temperature for 
composition with x > 0.4. 
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Table captions
Table 1. Structural model for composition x = 0.1, described in the Icmm space group, from 
neutron diffraction data collected at room temperature. 
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Figure Captions
Fig. 1. Ba2In2-xSnxO5+x/2 X-ray diffractograms for compositions  0  x  1.2 (* indicate the 
impurity BaSnO3).
Fig. 2. Raman spectra of Ba2In2-xSnxO5+x/2 phases with x = 0, 0.1, 0.2, 0.3, 0.35, 0.4, 0.5, 0.6.
Fig. 3. Calculated profile of Ba2In1.9Sn0.1O5.05 compared to experimental neutron diffraction 
data collected at room temperature.
Fig. 4. High temperature X-ray diffraction data for Ba2In1.9Sn0.1O5.05 upon a) heating and b) 
cooling. 
Fig. 5. Arrhenius plots for Ba2In2-xSnxO5+x/2 with x = 0, 0.1, 0.2, 0.3. Relative density of 
pellets are given in brackets.
Page 10 of 16
Ionics
Ionics
For Peer Review
Table 1. Structural model for composition x = 0.1, described in the Icmm space group, from 
neutron diffraction data collected at room temperature.  
 
Icmm A (Å) b (Å) c (Å) volume (Å3) density 
6.0552(4) 16.7696(8) 5.9566(4) 604.85(7) 6.43(2) 
Atom Site x y z Occupancy Uiso (Å2)
Ba 8h 0.5076(5) 0.6099(2) 0 1 0.0284(6) 
In(1) 4a 0 0 0 1 0.0206(9) 
In/Sn(2) 8i 0.5584(8) ¼ 0.523(2) 0.45 0.035(2) 
O(1) 8g ¼ 0.9925(2) ¼ 0.978(9) 0.0258(6) 
O(2) 8h 0.0451(4) 0.1361(2) 0 0.965(9) 0.0363(7) 
O(3) 8i 0.6327(8) ¼ 0.138(1) 0.5 0.041(2) 
O(4) 4c ¼ ¼ ¼ 0.16(2) 0.11(2) 
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Fig 1. Ba2In2-xSnxO5+x/2 X-ray diffractograms for compositions  0  x  1.2 (* indicates the  
impurity BaSnO3).  
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Fig. 2. Raman spectra of Ba2In2-xSnxO5+x/2 phases with x = 0, 0.1, 0.2, 0.3, 0.35, 0.4, 0.5, 0.6.
200 400 600 800
Wavenumber (cm-1)
x=0.60
x=0.50
x=0.40
x=0.35
x=0.30
x=0.20
x=0.10
x=0
In
te
n
sit
y 
(a.
u
.
)
Page 13 of 16
Ionics
Ionics
For Peer Review
Fig. 3. Calculated profile of Ba2In1.9Sn0.1O5.05 compared to experimental neutron diffraction 
data collected at room temperature. 
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Fig. 4. High temperature X-ray diffraction data for Ba2In1.9Sn0.1O5.05 upon a) heating and b) 
cooling. 
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Fig. 5. Arrhenius plots for Ba2In2-xSnxO5+x/2 with x = 0, 0.1, 0.2, 0.3. Relative densities of 
pellets are given in brackets. 
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